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Abstract Wild-type recombinant and Phe4’ +His and Phe’43-+Glu mutant forms of horseradish peroxidase have been expressed in E. coli and 
reactivated from inclusion bodies with a yield of about 25%. The purified homogeneous preparations have been studied in the reaction of ABTS 
oxidation. The effect of mutations on heme entrapment and kinetics of ABTS oxidation demonstrates the essential role of the replaced residues in 
providing the hydrophobic crevice for the non-covalent heme binding. 
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1. Introduction 
Horseradish peroxidase (HRP) is widely used for analytical 
purposes and, thus, is of great practical importance. The recent 
progress in its gene expression in E. colt’ and the development 
of the refolding protocols [ 1,2] allowing the recombinant degly- 
cosylated enzyme to be obtained in the catalytically active form, 
has opened up the prospect of HRP protein engineering. One 
of the goals of the work is the elucidation of the structure- 
function relationship, e.g. the details of the peroxidase catalytic 
mechanism. According to present knowledge, the heme protein 
environment provides for rapid heterolytic cleavage of the hy- 
drogen peroxide molecule in the HRP active center. Two histid- 
ine residues, His42 and Hisi7’, are of key importance in the first 
step of peroxidase catalysis. The E. coli expression system has 
already been used to produce three heme active-site mutants: 
F41V, F41W and R38K [3]. In the present work we describe 
the production and some properties of two new mutant HRP 
forms to clarify the role of Phe4’, the residue immediately adja- 
cent to the distal histidine and highly conserved in all plant 
peroxidases, and Phe’43 located at the predicted aromatic sub- 
strate binding site. 
2. Experimental 
2.1. Reagents 
2,2-Azino-bis(3-ethyl-thiasoline-6-sulfonate) diammonium salt 
(ABTS), isopropyl-b-o-thiogalactopyranoside (IPTG), sodium dodecyl 
sulfate (SDS), Tris, glycerol, oxidized glutathione, dithiotreitol 
(DTT), calcium chloride, hemin, and other components of buffer and 
refolding solutions were purchased from Sigma, USA. Bactotryptone 
and yeast extract were from Difco. Restriction endonucleases, ligase 
and other enzymes for the mutagenesis work, as well as site-specific 
mutagenesis kit Sculptor IVM System and plasmid pSA261 with the 
HRP gene under tat-promoter control, were kindly provided by Amer- 
sham International plc, UK. 
2.2. Activity measurements 
Peroxidase activity measurements were made using a Shimadzu UV 
120-02 spectrophotometer at25°C as follows: 0.05 ml of ABTS water 
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solution (15 mM) and an enzyme aliquot were added to 2 ml of 0.1 M 
Na-acetate buffer solution, pH 5.0; the reaction was initiated by the 
addition of 0.1 ml of a 0.5% hydrogen peroxide solution. A molar 
absorption coefficient at 405 nm was taken to equal 36,800 M-’ ‘cm-’ 
[4]. The activity was expressed in U @mol/min) per mg protein. 
2.3. Kinetics of ABTS oxidation 
The apparent reaction rate constants for the wild-type and mutant 
HRP were determined by steady-state measurements in the following 
concentration range: 0.0154.15 mM ABTS, 0.014.1 mM hydrogen 
peroxide, 0.5-80 nM peroxidase. The concentration of hydrogen 
peroxide was determined using a molar absorption at 240 nm of 
43.6 M-’ ‘cm-’ [5], and the concentration of ABTS was estimated by 
a gravimetric standard. 
2.4. Reactivation of the wild-type recombinant HRP from E. coli 
inclusion bodies and its purification 
The recombinant enzyme was produced according to the previously 
described procedure [2] with the following modifications. E. coli JM 1091 
pSA261 was grown using 300 ml LB medium in 10 mM Tris-HCl, pH 
8.0, with ampicillin (lOO&ml) and 0.4% glycerol at 30°C. Gene expres- 
sion was induced by 0.2 mM IPTG added in the middle of the log-phase 
of cell growth. The cells were harvested and son&ted (22 kHz, 10 min) 
in the presence of 2 M NaCl and 10 mM DTT. The disrupted mixture 
was incubated for 1.5 h and then the sonication procedure was repeated. 
The supernatant was removed and the pellet was washed with 0.05 M 
Tris-HCl buffer, pH 8.5, and solubilized in 10 ml of 6 M urea containing 
1 mM DTT. The solubilized protein (95% purity, 2 mg/ml) was added 
drop by drop to the refolding medium (2 1) containing 2 M urea, 
0.7 mM oxidized glutathione, 0.1 mM D’IT, 5 mM calcium chloride, 
5% glycerol in 50 mM Tris-HCl buffer, pH 9.8, and incubated at 4°C. 
5 PM hemin was added after the overnight incubation. The activity was 
measured and the active enzyme was precipitated by ammonium sulfate 
(60% of saturation) after the refolding was completed. The pellet was 
dissolved in 30 ml water and applied in 15-ml portions to a column 
(5.2 x 80 cm) with Toyopearl HW 55F equilibrated with 0.05 M Tris- 
HCl, pH 7.0, containing 0.1 M NaCl. Active fractions were collected 
and stored frozen. 
2.5. Site-speciJc mutagenesis 
HRP mutant forms were produced by means of site-specific mut- 
agenesis to provide the replacements Phe4’ +His and Phe’4’+Glu 
using single-strand DNA mutagenesis. To replace the sequence 
CAT(His*O)-TTT(Phe4’)-CAT(His4*)-GAC(Asp43) by CAT(His4”)- 
CAC(His41)-CAT(His4*)-GAC(Asp43) a 29-mer primer 5’-CCTT-CGT- 
CTA-CAT-CAC-CAT-GAC-TGC-TTTG-3’ was used. The selection 
procedure was based on the disappearance of the BspHI restriction site 
(TCATGA). To replace the sequence TTC(Phe’42)-TTC(Phe’43)- 
ACT(Th?) by TTC(Phe’42)-GAA(Glu’43)-ACT(Thr’~), the corre- 
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sponding 31-mer primer S-CTA-CCG-GCG-CCA-TTC-GAA-ACT- 
CTA-CCA-CAAC-3’ was synthesized. The appearance of a Bspll91 
restriction site (TTCGAA) was used for the mutant selection. The 
above primers were synthesized on an Applied Biosystems 380B Syn- 
thesizer and the final constructions were sequenced using a.n Applied 
Biosystems 370A DNA Sequencer with Taq DNA polymerase and 
dye-labelled primers. 
The production, purification and characterization of the mutant 
forms were performed in the same way as for the wild-type recombinant 
enzyme. 
2.6. General method 
Heme content was determined by the pyridine-chromogen method 
[6]. Protein content was determined spectrophotometrically [7l. Homo- 
geneity of the enzymes was tested by SDS-PAGE. 
3. Results and discussion 
One of the specific features of the refolding procedure used 
is the heme addition after the recombinant HRP apoenzyme 
reactivation. The yield of the active enzyme in this case is about 
twice as high (Fig. 1, curve 1) than that for the direct refolding 
of the recombinant HRP holoenzyme (Fig. 1, curve 2). The 
phenomenon observed is in agreement with the mechanism of 
native HRP renaturation and folding in the presence of guani- 
dinium chloride proposed by Cass [8], according to which heme 
does not affect the HRP renaturation. The higher yield in the 
case of the two-step refolding procedure can be easily explained 
by taking into account the heme’s ability to catalyse thiol group 
oxidation by air oxygen and, thus, to increase the possibility of 
wrong disulfide bond formation. 
The kinetics of heme entrapment into the wild-type recombi- 
nant HRP apoprotein (Fig. 1, curve 1) shows that the formation 
of the holoenzyme is completed after 4&42 h incubation. In the 
case of the HRP mutant forms, the kinetics of heme entrapment 
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Fig. 1. The effect on heme addition after (1) and in the course (2) of 
the refolding procedure on the yield of the active enzyme. The concen- 
tration of the solubilised HRP apoprotein is 10 mg/l. 
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Fig. 2. Kinetics of heme entrapment into the F41H (1) and F143E (2) 
mutant HRPs after the refolding of the apoenzyme is completed. The 
protein concentration is 10 mg/l. 
significantly differs from that for the wild-type enzyme and 
from each other (Fig. 2). Heme is easily entrapped in the case 
of the F41H mutant (Fig. 2, curve 1) whereas the F143E mutant 
is characterised by a slow kinetics of heme entrapment (Fig. 2, 
curve 2). The maximum yield of the active F41H mutant is 
observed after 5 h incubation; the prolonged incubation results 
in irreversible inactivation of the enzyme. Thus, the mutation 
also affects the enzyme’s stability. 
Table 1 presents the results of reactivation and purification 
of the wild-type recombinant and mutant HRPs. The purifica- 
tion data also demonstrate the instability of F41H mutant. The 
activity loss during the ammonium sulfate precipitation of the 
F143E mutant is connected to its low solubility. To dissolve the 
protein it is necessary to increase the water volume several 
times compared to the wild-type recombinant HRP and F41H 
mutant. 
Taking into account the low specific activity of the mutants 
we can conclude that these single-point mutations have a dra- 
matic effect on the catalytic properties of HRP. To distinguish 
the mutation effects on hydrogen peroxide cleavage and ABTS 
oxidation steps in the catalytic mechanism the apparent rate 
constants for hydrogen peroxide and ABTS have been deter- 
mined from the steady-state kinetic data. The double-reciprocal 
plots l/v- l/[ABTS] for the recombinant forms of HRP are 
represented by the family of parallel lines, and the reaction rate 
in each case is fitted by the following equation [3]: 
2[E& = l/k, [H202] + l/k, [ABTS] + l/k,, 
where k, and k3 are the apparent rate constants for H,O, cleav- 
age and ABTS binding, and k, characterises the rate-limiting 
step which could be connected with the product dissociation [3]. 
The rate constants k, and k3 are similar to those obtained by 
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Table 1 
Refolding and purification of the HRP recombinant forms 
Purification Total Total Specific Activity Protein 
step protein activity activity yield reactivated 
(mg) (D) (D/mg) (%) (%) 
Wild-type HRP 
1 20 0 0 0 
2 20 20,000 1,000 100 
3 20 24,000 1,200 120 
4 5 20,000 4,000 100 25 
F41H mutant HRP 
1 20 0 0 0 
2 20 240 12 100 
3 20 270 13.5 112 
4 1.5 145 90 60 7.5 
F143E mutant HRP 
1 20 0 0 0 
2 20 600 30 100 
3 10 300 30 50 
4 5 250 50 25 25 
Purification steps: 1, HRP apoprotein solubilization in 6 M urea; 
2, reactivation in the refolding medium; 3, HRP ammonium sulfate 
precipitation; 4, gel filtration. 
of Phe4i by the hydrophobic Trp and Val[3] leads to an 8-fold 
decrease in their catalytic activity, mainly connected with the 
step of hydrogen peroxide cleavage. The presence of the easily 
ionised His4’ in the novel mutant obtained causes a significant 
drop (44-times) in the catalytic activity affecting both hydrogen 
peroxide cleavage and ABTS oxidation. Moreover, the F41H 
replacement changes the rate-limiting step in HRP catalysis and 
results in a significant destabilisation of the enzyme. Thus, the 
results obtained demonstrate the necessity of Phe4’ as a hydro- 
phobic barrier separating two histidine residues and providing 
the firm non-covalent binding of the highly hydrophobic por- 
phyrin ring. 
Smith [3] although k,, is much higher according to the kinetic 
data presented in Table 2. The F41H mutation affects mainly 
the step of hydrogen peroxide cleavage (k, is about 0.5% and 
k3 is about 6% of those for the wild-type recombinant enzyme), 
whereas the F143E replacement affects mainly the ABTS oxi- 
dation step (k, is about 23% and k, is about 5.7% of those for 
the wild-type recombinant HRP). A unimolecular rate-limiting 
step (k,,) is not characteristic for the F41H mutant, in contrast 
to the F143E mutant and the previously described F41V mu- 
tant [3]. 
The proposed aromatic substrate binding site for HRP con- 
tains Phe’42 and Phe’43 residues in the proximal site of heme 
near the entrance to the heme-binding pocket [9]. Phe’43 is in 
the vicinity of the proposed binding center for iodide and 
guaiacol [lo]. Its replacement by a negatively charged gluta- 
mate group creates an electrostatic hindrance for the negatively 
charged molecules (heme itself and donor substrates) penetrat- 
ing inside the active center. The heme content determined by 
the pyridinexhromogen method for the F143E mutant is about 
45% in contrast to the wild-type and F41H forms (98-100%) 
and, thus, confirms the effect of G~u’~~ on heme entrapment. 
The decrease in the unimolecular reaction rate constant of 
ABTS product dissociation (kJ for the F143E mutant by two 
orders of magnitude provides additional evidence for ABTS 
cation radical product interaction with the negatively charged 
glutamate residue at the entrance to the heme-binding pocket. 
Thus, the refolding, purification and kinetic data show that 
the F41H and F143E single-point mutations of the recombi- 
nant HRP produced in E. coli affect the whole structure of the 
enzyme active center and cause significant changes in protein 
folding, stability and catalytic activity. 
The results obtained confirm the essential roles of Phe4i and 
Phe143 in the HRP catalytic mechanism. 
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